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Abstract 
Organic solvent nanofiltration (OSN) membranes suffer from performance loss over an 
extended timescale due to aging. Short-term aging tests often conducted in membrane studies 
may not be representative of the actual behavior of the OSN membranes when used in organic 
solvents. There is a need to test the performance of OSN membranes in a way that is more 
relevant to industrial OSN applications. In this work, we conducted a series of aging tests in 
two different modes to determine the behavior of 4 commercial OSN membranes (Duramem 
200, Puramem 280, GMT-oNF2, and SolSep BV010206) in polar and non-polar organic 
solvents (i.e., methanol, acetonitrile, and toluene). Firstly, we conducted a 30-day static aging 
experiment to investigate the stability of four commercial OSN membranes when soaked in the 
selected solvents. Secondly, we proposed a three-week cross-flow aging protocol with a staged 
temperature raise to determine the long-term stability of the membranes in real-world 
scenarios. The operating temperature was controlled between 25 °C and 40 °C in the three-
week aging test. The results showed that acetonitrile had the most significant effect on the 
membranes, and the permeances of the membranes were dependent on the solubility parameters 
of the polymer and the solvent when the membranes are soaked in the solvents in static 
operation. The polyimide-based membranes exhibited a noticeable sign of aging with 
increasing temperature, which could be due to compaction and densification. Our results 
suggested that the new cross-flow aging protocol can facilitate the rapid screening of OSN 
membranes for industrial use.  
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1. Introduction 
Separations of solutes in organic solvents play a crucial role in pharmaceutical and 
chemical processes [1]. Conventional separation techniques in industrial processes include 
distillation, adsorption, and chromatography that typically involve the use of fresh solvent, 
large footprint, and high energy cost [2]. Organic solvent nanofiltration (OSN) is an emerging 
separation process that not only can provide the necessary molecular discrimination without 
the need for fresh solvent or additives, but also does not involve any phase transition, 
eliminating thermal damage to high-value products and the need for a high amount of energy 
(accounting for 80% of the energy associated with separation techniques such as distillation 
and evaporation that rely on phase change) [1, 3, 4]. The technique has been widely investigated 
for extensive ranges of industrial processes, including solute enrichment [5, 6], solvent 
recovery [7, 8], solvent exchange [9, 10], and purification (impurity removal [2, 11], OSN-
assisted chemical synthesis [12, 13], OSN-assisted crystallization [14, 15] and catalytic 
processes [16-19] that otherwise can be challenging for conventional separation techniques. 
Unlike nanofiltration, where the separation of solute occurs in aqueous solution, OSN 
is performed under harsher and more corrosive environments typically required for 
pharmaceutical and chemical processes [1, 3]. The solvent and pH resistance of the membrane 
until today remains as one of the main challenges for implementing OSN in relevant processes 
[20]. The screening of new polymers in search of solvent and pH stable membrane for OSN is 
often performed by a traditional approach such as soaking the membrane in the solvent of 
interest for a fixed time. The membrane is subsequently investigated for its stability in the 
solvent by its solubility, degree of swelling, and solvent permeance measurement. However, 
most studies measured solvent permeance and solute rejection of OSN membranes in a short 
duration (typically a few hours) [21]. The performance measured within a short period may not 
represent the long-term performance of the membrane [21]. Longer aging studies (e.g. [20-24]) 
are necessary to determine the actual performance of newly developed membranes.  
The long-term stability of OSN membranes is a crucial criterion for industrial 
applications. Generally, OSN membrane may experience a different form of performance loss 
over time (decline in permeance, solute rejection, or both) due to fouling, compaction, and/or 
aging of the membrane [25]. Aging refers to the rearrangement of polymer chains in the 
amorphous polymer membrane from a non-equilibrium state towards an ever-unachievable 
equilibrium state [26-28]. The aging phenomenon is often associated with the non-equilibrium 
state of the glassy polymer when its film is processed to below its glass transitional temperature 
[26-28]. Most OSN membranes in the market are glassy polymers, which age over time, as 
evident from their permeance decline during membrane operation [24, 29, 30]. To determine 
the suitability of a membrane for a separation process on an industrial scale, the membrane 
often undergoes comprehensive stress test protocols, where the membrane module is subjected 
to alternating pressure and cleaning cycle using the desired feed stream. Such a stress test is 
seldom performed on a newly developed membrane in academic research (see Table S1 for 
the differences in membrane performance characterization protocol in academia and industry). 
In academic studies, OSN membrane performance is usually studied using membrane 
coupons in ambient conditions, bench-scale, and shorter time (typically a few hours) [31]. On 
the contrary, the industrial OSN membrane test involves testing the spiral-wound membrane 
module in ‘real-world’ condition, pilot to industrial scale, and extended timescale (several 
months to years) [24]. Often, despite promising membrane performance obtained in academic 
studies, few membranes can make their way to industrial use. Le Phuong et al. identified a gap 
between academic results and industrial requirements for OSN, which is due to the paucity of 
information on the long-term stability of membranes and the limited information on industrially 
relevant filtration [31]. 
In this work, we propose an OSN membrane aging protocol that is more practicable in 
terms of time scale. A three-week membrane cross-flow aging with staged temperature raise is 
proposed to determine the performance of an OSN membrane in different solvents. To 
demonstrate this, four commercial membranes with comparable solute rejection rate and 
solvent stability from different OSN membrane manufacturers were investigated (Evonik, UK; 
SolSep BV, The Netherlands; Borsig Membrane Technology GmbH, Germany). Three 
different types of industrial relevant solvents were used in this work— methanol (polar protic), 
acetonitrile (polar aprotic), and toluene (non-polar). The membranes were tested in cross-flow 
mode and characterized by their cross-flow performance, dye rejection, surface morphology, 
and contact angle before and after aging. The new membrane characterization protocol may 
better represent the actual performance and stability of the OSN membranes relevant to 
membrane industry application and facilitate the screening of new polymer membrane for 
industrial application. 
 
2. Materials and Methods 
2.1. Membranes 
Four OSN membranes were used in the experiment: Duramem 200 is an OSN 
membrane based on a modified polyimide manufactured by Evonik (UK); Puramem 280 is 
based on polyimide manufactured by Evonik (UK); GMT-oNF2 is a silicone polymer-based 
composite manufactured by BORSIG Membrane Technology GmbH (Germany) that has an 
active layer of polydimethylsiloxane (PDMS) on polyacrylonitrile (PAN) support [32]; SolSep 
BV 010206 is based on polyimide manufactured by SolSep BV (The Netherlands). All four 
OSN membranes were reported to be generally stable in alcohols, aromatic and aliphatic 
hydrocarbons, ketones, and ethers. Specifications of each commercial membrane are 
summarized in Table 1. 
Table 1. Specifications of selected commercial membranes from the manufacturers.  
Membrane Type Permeance (L 
m-2 h-1 bar-1) 
MWCO (g mol-1) / 
rejection (%) 
Max T (°C) Max P (bar) 
Duramem 200 modified 
polyimide 
(P84) 
- 200 (polystyrene in 
acetone) 
50 60 















Methanol and acetonitrile, HPLC grade, were purchased from Fisher Scientific, UK. 
Toluene, anhydrous, was purchased from Sigma-Aldrich, UK. The physicochemical properties 
of the solvents are summarized in Table 2. Methylene Blue hydrate (MB) and Sudan Blue II 
(SB) were purchased from Sigma-Aldrich, UK. 
 
 
Table 2. Physical and solvent properties [33]. 

























Methanol  CH3-OH 32 0.791 64.0 22.6 0.60 32.6 1.7 76.2 29.6 
Acetonitrile  CH3-C≡N 41 0.786 81.6 29.1 0.38 37.5 3.2 46 24.4 
Toluene  C6H5-CH3 92 0.867 110.6 28.5 0.59 2.38 0.4 9.9 18.2 
  
2.3. Characterization  
Membrane surface and cross-sectional images were obtained using a scanning electron 
microscope (SEM; JEOL SEM6480LV, Japan). The membrane was fractured in liquid nitrogen 
to retain the membrane structure for cross-section imaging. The membrane samples were dried 
under vacuum at room temperature and sputter-coating with Au before imaging. The water 
contact angles of the membranes were measured using a contact angle goniometer by the sessile 
drop technique (OCA15, Dataphysics, Germany). Images were taken at 1 s intervals for 10 s. 
An average of five measurements was reported for each sample. Three samples were collected 
for each aging experiment in the same solvent, and the standard deviation is determined from 
all the contact angle measurements for each aging experiment. The morphologies of the 
samples were examined using an atomic force microscope (AFM; Nanosurf EasyScan 2 Flex, 
Switzerland). The samples were taped onto a glass slide and scanned in tapping mode (scan 
size of 1 × 1 µm and 5 × 5 µm, time/line of 1 s, samples/line of 256) with a monolithic silicon 
AFM probe (Tap190Al-G, BudgetSensors, Bulgaria) for the different projected area. The probe 
had a spring constant of 48 N m-1, the resonant frequency of 190 kHz, and a nominal tip radius 
of < 10 nm. 
2.4. Static aging  
The commercial membranes were cut to coupons of 25 mm in diameter and weighed. 
The weighed samples were then put in methanol, acetonitrile, and toluene in separate vials for 
30 days at room temperature. After 30 days, the coupons were taken out and carefully wiped 
with filter paper to remove the solvent on the membrane surface. The swelling coefficient was 
determined by measuring the weight increase relative to the dry weight after swelling. The 








where 𝑚 is the weight of the swollen sample, 𝑚0 is the weight of the dried sample, and 
𝜌𝑠  is the density of the solvent. Images of the sample surfaces were taken after the 
measurement.  
2.5. Cross-flow aging  
A schematic diagram of the cross-flow aging is shown in Figure 1(a). The setup 
consists of a diaphragm metering pump (Hydracell with PTFE diaphragm and O-rings), four 
flat sheet circular membrane cells, pressure gauge and thermocouple, oil bath, pressure relief 
valve, and 3-way valves. The effective membrane area of the circular membrane coupon was 
1.4 × 10-3 m2. The membrane cells have a space channel of 5 mm between the membrane and 
the wall of which the feed is passed. The permeate was collected as needed or otherwise 
circulated back into the feed tank.  
The three-week cross-flow aging experiment was performed on Duramem 200, 
Puramem 280, GMT-oNF2, and SolSep BV 010206 using different organic solvents as the 
feed. The operating conditions for cross-flow aging were chosen based on the typical operating 
conditions of each membrane provided by its manufacturer (Table 1) and the boiling point of 
each solvent (Table 2). The fresh membranes were pretreated using fresh solvent at 30 bar for 
2 h to remove pore preservatives and was then compacted for 24 h at the same pressure. 
Afterwards, the feed stream was maintained at 30 bar and 500 mL min-1 throughout the 
experiment, and the permeance was collected and measured periodically. 
The temperature of the cross-flow aging was controlled at three different cycles. The 
measurement was performed at 25 °C for the 1st week before raising to 30 °C in the 2nd week 
and subsequently 35 or 40 °C in the 3rd week, depending on the solvent used (Figure 1(b)). 
The actual temperature of the feed passing through the membrane cells was measured by 
thermocouples at locations before the feed entering the first membrane cell and right after the 
feed exiting the last cell. The average temperature of the feed before and after passing all four 
membrane cells were reported. All measurements were performed in an enclosed chamber in a 
walk-in fume cupboard to ensure safety compliance.  
 
Figure 1. (a) Schematic diagram of the 4-cell cross-flow rig used in this study. Legend: 1: 
Solvent tank, 2: pump, 3: oil bath, 4: pressure relief valve, 5: pressure gauge, 6: thermocouple, 
7: flat-sheet membrane cell, 8: three-way valve, 9: measuring cylinder, 10: backpressure 
regulator and (b) schematic representation of the temperature cycles in this study. 
2.6. Rejection of dyes 
At the end of each cross-flow aging protocol, the dye rejection of the membranes was 
tested. MB (Mw of 320 Da) was used as the molecule probe in methanol and acetonitrile, while 
SB (Mw of 350 Da) was used in toluene. The dye rejection test was performed only for 
compatible solvents of the membranes with measurable permeance. The dye rejection was 
calculated using the classical rejection coefficient: 
𝑅(%) = [1 −
𝐶𝑝
𝐶0
] × 100 
where 𝐶0  is the initial concentration of the dye in the feed solution and 𝐶𝑝  is the dye 
concentration in the permeate.  
The concentrations of MB and SB were determined using a UV spectrophotometer 
(Cary 100 UV-Vis, Agilent, USA) at a wavelength of 290 and 285 nm, respectively. Calibration 
curves of absorbance of the dye solutions of known concentrations were prepared to determine 
the concentration of the dye in the permeate (Figure S1). 
 
3. Results and Discussion 
3.1. Static aging  
3.1.1. Membrane morphology 
A static aging experiment of 30 days was performed to determine the stability of 
Duramem 200, Puramem 280, SolSep BV 010206, and GMT-oNF2 in the selected solvents. 
The top-down images of the membranes were captured on the 30th day of the static aging 
(Figure S2). All membranes did not show any noticeable difference in the membrane surface 
in different organic solvents, suggesting that the membranes were sufficiently stable 
throughout the static aging. Darkening of membranes such as in Duramem 200 and SolSep 
BV010206 was observed, but such darkening over time was normal as expected, as stated in 
the membrane datasheet. The colour change was likely accelerated by the solvents. Duramem 
200 and Puramem 280 showed some signs of curling in the air after they were gently wiped to 
remove the solvent on their surfaces. This is due to the removal of pore preservatives in the 
asymmetrical polymer structure of both membranes during pretreatment. The evaporation of 
the solvent in the polymer matrix and the rigid polyester support layer at different rates cause 
the membrane to curl.  
AFM was performed on the samples before and after the static aging to determine the 
changes to the surface roughness caused by the solvents (Figure 2). Surface roughness (Sa) 
data derived from AFM analyses give quantitative insights into the surface morphology of the 
commercial membranes. SolSep BV010206 showed significantly higher Sa values compared 
to the other three membranes. In the imaging size of 5 micron × 5 micron, both Duramem 200 
and Puramem 280 show increased roughness after 30 days in the solvents, while Solsep 
BV010206 and GMT-oNF2 show reduced roughness. The initial lower roughness value 
showed by both the pristine membranes of Duramem 200 and Puramem 280 may be due to the 
spreading of a layer of pore preservatives. Thus, the washing out of pore preservatives during 
the static aging may cause the roughness to increase. In the imaging size of 1 micron × 1 micron, 
a significant increase in roughness was observed for GMT-oNF2 while the remaining 
membranes experienced decreased roughness (Figure S3, S4, and Table S2). This likely might 
be due to the nature of the polymer used (PDMS vs polyimide). Even though all membranes 
tested in this study remained stable after the static aging, changes to the surface property in the 
microscopic scale suggest that the actual membrane performance of these membranes may be 
influenced by their exposure to different solvents. 
 
 
Figure 2. AFM images and surface roughness (Sa) values of (a) Duramem 200, (b) Puramem 
280, (c) GMT-oNF2, and (d) Solsep BV010206 before and after static aging for 30 days (scale: 
5 μm × 5 μm). 
 
3.1.2. Membrane hydrophilicity  
The hydrophilicity of the OSN membranes was investigated using water contact angle 
goniometry. As expected, GMT-oNF2 shows the contact angles much higher than the other 
three membranes, consistently above 105° (Table 3). The contact angle is comparable to results 
obtained for PDMS surfaces in the other work (108–115°) [36, 37]. The other three OSN 
membranes generally show a typical contact angle of polyimide of 75–81° (after the static 
aging) [38, 39]. The contact angle and wetting behavior of a solid sample is influenced by its 
surface geometry and chemical properties [40]. 
Given that we lack the information on the actual composition of the commercial OSN 
membranes in this work and unable to conduct any work that could relate to the chemical 
structure of the membrane, we are unable to provide information on the changes to the chemical 
properties. The results from the contact angle, on the other hand, are consistent with the trends 
observed in the changes to the surface roughness, Sa. It appears that acetonitrile has the most 
significant effect on the OSN membranes and that OSN membranes were likely to be least 
stable in acetonitrile. A similar trend was reported in a previous study [41]. According to 
Wenzel’s equation [42], the higher contact angle exhibited by the membranes with a 
hydrophilic surface (Duramem 200, Puramem 280, and Solsep BV010206) suggests that the 
membranes have a smoother surface after the static aging. The membrane with a hydrophobic 
surface such as GMT-oNF2 showing a higher contact angle suggests the roughening of the 
membrane surface after the static aging. The results are consistent with results obtained from 
AFM.  
Table 3. Water contact angle (º) of Duramem 200, Puramem 280, GMT-oNF2, and SolSep 
BV010206 before and after static aging for 30 days. 
Sample Fresh Solvent 
Methanol Acetonitrile Toluene 
Duramem 200 51.76 ± 1.26 71.56 ± 4.80 87.44 ± 2.09 60.52 ± 5.86 
Puramem 280 70.18 ± 2.10 72.06 ± 5.08 91.70 ± 5.45 86.02 ± 3.50 
GMT-oNF2 107.28 ± 1.73 108.86 ± 1.07 105.96 ± 1.64 110.36 ± 0.61 
Solsep BV010206 68.02 ± 2.59 85.36 ± 1.86 78.10 ± 2.53 86.04 ± 1.91 
 
3.1.3. Membrane swelling  
The swelling coefficient of the polymer membrane can be used as an indicator of the 
interaction with the solvent. The swelling coefficients of the four commercial OSN membranes 
were plotted against the Hansen solubility parameters of the solvents (Figure 3a). Hansen 
solubility parameters are typically used to account for dispersion forces, polar forces, and 
hydrogen bonds between molecules [34]. A polymeric membrane is likely to swell in a solvent 
if they have similar Hansen solubility parameters [43]. The Hansen solubility parameters 
(25 °C) of the solvents are: 29.6 MPa0.5 (methanol), 24.4 MPa0.5 (acetonitrile), and 18.2 MPa0.5 
(toluene), respectively [44]. However, the Hansen solubility parameters of the commercial 
OSN membranes are not known because chemical compositions of these membranes deem to 
be proprietary and confidential. As a result, solubility parameters of several commercial 
polymers were used as rough estimates (dashed lines in Figure 3). These polymers include one 
PDMS [45-47] and four polyimides, namely Ultem 1000 (General Electric, notation: UT) [48, 
49], Matrimid 5218 (Huntsman, notation: MAT) [48, 50], P84 (HP Polymer, notation: P84) 
[48, 51], and HT P84 (HP Polymer, notation: HT) [50, 51]. It can be seen that the solubility 
parameters of commercial polyimides (UT, MAT, P84, and HT) vary widely, depending on the 
diamine and dianhydride of the polyimide [52]. The chemical structures of the polyimides are 
available in Figure S5. 
Duramem 200 shows an increasing swelling coefficient from non-polar to polar solvent, 
suggesting that the membrane may perform better in polar solvents than non-polar solvent. 
Puramem 280, on the other hand, shows a significantly higher swelling coefficient than 
Duramem 200 in all three solvents. Both GMT-oNF2 and SolSep BV 010206 show 
significantly higher swelling coefficients than the former two membranes. SolSep BV 010206, 
which is also based on polyimide, shows a similar swelling coefficient regardless of the 
solvents used. The difference in the swelling coefficient of SolSep BV 010206 compared to 
other polyimide membranes used in this study can potentially be attributed to the type of 
polyimide, degree of crosslinking, and membrane preparation method used. GMT-oNF2, 
which is a silicon composite membrane, also shows higher swelling coefficients than most 
polyimide-based membranes. The higher swelling can arise from the silicon component of the 
membrane, which tends to swell, just like most rubbery materials [37]. The solvent permeance 
of the membranes will be further discussed in the next section. 
 
Figure 3. (a) Swelling coefficient, Q and (b) solvent permeance of Duramem 200, Puramem 
280, GMT-oNF2, and SolSep BV010206 after static aging for 30 days as a function of Hansen 
solubility parameter of solvent (methanol: 29.6 MPa0.5; acetonitrile: 24.4 MPa0.5; and toluene: 
18.2 MPa0.5). 
 
3.1.4. Solvent permeance 
The solvent permeance was obtained after pretreatment of 2 h and pre-compaction of 
24 h in the cross-flow mode. The permeances of the four commercial OSN membranes were 
plotted against the solubility parameter in Figure 3b. Duramem 200 is compatible with a polar 
solvent (such as methanol and acetonitrile), while GMT-oNF2 is compatible with a non-polar 
solvent such as toluene. Puramem 280 and SolSep BV010206 show permeances of all solvents 
used in this study, with a preference for polar solvents. The finding in this work is consistent 
with that of [53, 54], where Puramem 280 shows higher permeance for toluene compared to 
methanol [53] and where similar methanol permeance was obtained [54]. The commercial 
membrane may not necessarily be suitable for the solvent in which it is stable, as shown by the 
different preference of Duramem 200 and GMT-oNF2 to polar and non-polar solvents, 
respectively. GMT-oNF2, which is a PDMS membrane with PAN support, show relatively low 
permeance for methanol and acetonitrile and much higher toluene permeance of 3.8 L m-2 h-1 
bar-1. A similar performance of GMT-oNF2 was also observed for methanol and toluene in the 
other work [32].  
The permeance of the membranes was reported to be dependent on the solubility 
parameter [32, 43, 55, 56]. The closer the solvent solubility parameter of the solvent to that of 
the membrane, the higher the measured permeance. Therefore, the interactions between the 
membrane and the solvents can be predicted from the solubility parameter of the membrane 
and the solvents. Such representation can be more meaningful than swelling measurements 
when comparing the stability of different OSN membranes, which differ in polymer, structure, 
thickness, and backing layer. It was also reported that other important parameters that influence 
the permeance are solvent polarity and molecular size, but the influences are less pronounced 
[21, 57]. GMT-oNF2 shows permeances that are consistent with those observed for PDMS 
membranes since PDMS has the closest solubility parameter to toluene, followed by 
acetonitrile and methanol [32]. All other polyimide type OSN membranes showed the same 
trend with the highest acetonitrile permeance. It appeared that Puramem 280 might have a 
solubility parameter more like UT and MAT, while Duramem 200 and SolSep BV010206 may 
have solubility parameters more like P84 and HT. Typical bell-shaped curves were observed 
for polyimide-based membranes such as Duramem 200, Puramem 280 and SolSep BV010206. 
However, the bell-shaped curve cannot be obtained for a PDMS membrane since there is no 
solubility parameter significantly lower than that of PDMS.  
Generally, the commercial membranes based on polyimide show the highest permeance 
in acetonitrile compared to other organic solvents using the same membrane. The permeance 
results are consistent with the morphology and hydrophilicity results, where the most 
substantial changes to roughness and water contact angle were obtained in acetonitrile. There 
were only a few applications of commercial OSN membranes available in the market for 
solvents such as acetonitrile [41, 58-61]. Only very recently, some newly developed OSN 
membranes based on polybenzimidazole (PBI)  [20, 62-66]  and polyelectrolyte [62] were 
tested in acetonitrile. 
3.2. Cross-flow aging 
While a static aging experiment can provide some useful information on the membrane 
stability, a cross-flow test that resembles more closely to the actual separation process can 
provide a better insight into the long-term stability of the OSN membranes in these solvents. 
Unlike static aging, the solvent was circulated, and the membranes were pressurized on the 
feed side. The operating conditions, such as pressure, cross-flow velocity, and temperature, can 
be varied. The experiment was performed on a membrane coupon to understand the behaviour 
of the polymer film. Under such conditions, the changes to the membrane properties (physically 
or chemically) can be quantitatively measured in situ by measuring the solvent permeance of 
the membranes tested.  
3.2.1. Membrane morphology 
After the three-week cross-flow aging, all membranes (including fresh and unused 
membranes) were fractured under liquid nitrogen for cross-section analysis. The backing layers 
of the membranes were removed when possible to allow fracture of membranes under liquid 
nitrogen. Evidence of membrane compaction is prominent in SEM images of the membrane 
cross-section (Figure 4). Under membrane operation at 30 bar over three weeks, all membranes 
show significantly thinner cross-section. Generally, no clear sign of the aging effect is observed 
on the polymer structure in all the membranes except for SolSep BV010206. SolSep BV010206 
has asymmetrical finger-like structures that extend to macrovoids supported on a thick backing 
layer. After the cross-flow aging, the same structure of the substrate is no longer observed in 
SolSep BV010206 owing to the significant compaction and aging of the membrane. SEM 
indicates that the membranes are sufficiently robust in the condition tested, which is consistent 
with the results obtained from the cross-flow test, where no drastic changes to the solvent 
permeance throughout the three-week aging protocol in methanol, acetonitrile, and toluene. 
 
Figure 4. SEM images of (a) Duramem 200, (b) Puramem 280, (c) GMT-oNF2 and (d) SolSep 
BV010206 before and after the three-week cross-flow aging. 
3.2.2. Methanol permeance 
Figure 5a and d show the methanol permeance and normalized methanol permeance 
for the four OSN membranes under investigation. Previous reports have shown that a more 
extended period of pre-compaction (about three days) is needed before stable permeance can 
be achieved [21]. The pre-compaction time, in reality, depends on not only the membrane but 
also the testing condition. We would expect a lower compaction rate (and degree of 
compaction) at lower transmembrane pressure. Generally, all membranes show decreasing 
permeance over time, with increased permeance when the temperature is raised. A significant 
decrease to permeance was observed for Puramem 280 in the first week, which stabilized to 
~2.5 L m-2 h-1 bar-1 as the highest methanol permeance among the four membranes tested. The 
decrease can be ascribed to the compaction of the film, whereby the membrane requires a 
longer time to stabilize (possibly due to less or no crosslinking of Puramem 280).  
When the temperature is raised to 30°C and 35°C, Puramem 280 exhibits an initial 
increase in permeance, which gradually decreases with time. It appears that the more rapid 
penetration of solvents through the membrane (due to the decrease in solvent viscosity [67] or 
intrapore viscosity [68]) causes a change to the membrane structure and the membrane required 
more time to arrive at a more stable state. The rise in temperature may also increase the polymer 
chain mobility [69, 70] or affect the sorption/desorption of solvent [68] or solute [71] in pores 
leading to a similar outcome. These temperature effects on membrane performance have also 
been observed in other aqueous solutions [72] and organic solutions [73]. Interestingly, the 
solvent permeance also decreases with time after the temperature was raised to reach a new 
steady-state close to 2.5 L m-2 h-1 bar-1 but at a higher temperature. This indicates that the 
membrane has aged.  
The deterioration in membrane performance can be due to various factors, including 
physical aging, chemical aging (degradation or structural changes to polymer chains), 
membrane compaction, and fouling. Our results indicate that the physical aging of membrane 
could have been accelerated under the combined effect of temperature and solvent. Here we 
also ruled out that the decrease permeance was due to compaction or fouling. Membrane 
compaction is often correlated to the transmembrane pressure whereby higher pressure leads 
to a higher loss in membrane porosity (or increased hydraulic resistance) and, therefore, lower 
permeance [74-77]. On the other hand, the permeation loss caused by fouling is unlikely since 
pure solvents were used. It is, however, possible for chemical aging to occur. The chemical 
aging of the membranes was not investigated due to our non-disclosure agreement with the 
membrane manufacturers. Here we would refer the decrease in permeance (a combination of 
physical and chemical aging) due to the combined effect of solvent, pressure, and temperature 
simply as accelerated aging.  
Among the four membranes, both Puramem 280 and SolSep BV010206 showed visible 
signs of accelerated aging, whereby similar steady-state permeances were obtained despite the 
higher temperature. Duramem 200, a crosslinked polyimide, on the other hand, exhibits more 
stable permeance, which increases with temperature and stabilizes after a few days. This can 
be explained by its crosslinked backbone, which resists aging. Any sign of aging that might 
have occurred in Duramem 200 is offset by the increase in permeance due to the temperature 
effect, as shown by the higher plateau in Stage II and III of the experiment (stages as indicated 
by the broken lines). GMT-oNF2, a rubbery polymer, shows no sign of aging during the three-
week cross-flow test, with an increase in solvent permeance due to temperature effect.  
 
Figure 5. Solvent permeance of Duramem 200, Puramem 280, GMT-oNF2, and SolSep BV 
010206 in (a) methanol, (b) acetonitrile, and (c) toluene over three-week aging study. (d–f) 
Corresponding normalized solvent permeance. 
 
3.2.3. Acetonitrile permeance 
We notice the consistent permeance drop in all membranes for two consecutive days 
over the three-week aging (Figure S6 and S7). It was found to be due to the unregulated room 
temperature at the laboratory over the weekend. The data points of the permeance during the 
weekend were removed from the figures (Figure S6 and S7) without affecting the trend. 
Figure 5b and e show the acetonitrile permeance and normalized acetonitrile permeance of 
Duramem 200, Puramem 280, GMT-oNF2, and SolSep BV 010206 over the three-week aging 
study. Duramem 200 shows an unexpected increase in acetonitrile permeance in the first week, 
while the other membranes show a similar drop in permeance over time. This could be owing 
to the lower stability of Duramem 200 in acetonitrile, which causes significant changes to the 
polymer or membrane structure or incomplete removal of pore preservatives from the 
membrane matrix until day four. Both AFM (Figure 2) and water contact angle analysis (Table 
3) suggest that the effect of acetonitrile on Duramem 200 and Puramem 280 is the most 
significant. All glassy polymer membranes (Duramem 200, Puramem 280, and SolSep 
BV010206) show a clear sign of aging. However, the effect of temperature on the resulting 
permeance is less significant than that of the methanol system. Negligible acetonitrile 
permeance is observed for GMT-oNF2. 
3.2.4. Toluene permeance 
Similarly, the drop in permeance caused by the room temperature drop was omitted 
from the original plot in the supporting information (Figure S7). Generally, the commercial 
OSN membranes show more stable toluene permeance than in methanol and acetonitrile 
(Figure 5c and f). GMT-oNF2, for instance, shows highly stable toluene permeance that 
increases with temperature, with no noticeable sign of aging. The permeance stability of GMT-
oNF2 could be explained by its rubbery that is in the equilibrium state. The results from the 
static aging could not reflect the stability of GMT-oNF2 in cross-flow performance. Puramem 
280, on the other hand, shows visible signs of accelerated aging with increasing temperature in 
toluene compared to in methanol and acetonitrile. The result is also consistent with the lower 
swelling coefficient of Puramem 280 in toluene compared to that in the other two solvents. 
Duramem 200 shows no permeance to toluene, while SolSep BV010206 shows consistently 
low permeance throughout the three cycles. However, SolSep BV010206 also shows a similar 
sign of aging, as observed in Figure 5f. 
3.2.5. Rejection of dyes 
Membrane solute rejection was characterized by measuring the rejection of MB in 
methanol and acetonitrile, and SB in toluene using the cross-flow apparatus. Figure 6 shows 
the rejection of the dye in different solvents for each membrane (results based on UV 
adsorption measurement, Figure S8). After the three-week aging test, Duramem 200 shows 
increased dye rejection while the other three membranes show decreasing dye rejection. The 
increasing solute rejection in Duramem 200 is due to the densification of the cross-linked 
polyimide, especially near the surface, which results in ‘pore’ tightening.  
On the other hand, a minor drop in solute rejection observed in the other three polymers 
can be explained by the simultaneous densification and polymer chain rearrangement of non-
crosslinked polymer backbones that lead to higher preferences for solute transport over solvent 
transport. A higher drop in MB in methanol was observed for SolSep BV010206 after three 
weeks owing to a similar but more significant effect. The result is consistent with that of other 
aging studies whereby prolonged exposure to solvent at elevated temperature causes a 
consistent drop in solute rejection [78]. Furthermore, the changes to the solute rejection are 
highly dependent on the structure and degree of crosslinking of the polymer chains [70, 79, 80].  
 
 
Figure 6. Rejections of MB in methanol, MB in acetonitrile, and SB in toluene of (a) Duramem 
200, (b) Puramem 280, (c) GMT-oNF2, and (d) SolSep BV 010206 after the three-week cross-
flow aging. 
3.3. Aging mechanisms 
The effect of aging as probed by the changes to solvent permeance and solute rejection 
is illustrated in Figure 7. Figure 7a shows the typical effect of compaction, where exerted 
pressure reduces the size of the macrovoids within the matrix of the membranes and causes 
shrinkage to the smaller pores. The membranes were compressed by the exerted pressure, as 
confirmed by the SEM images (Figure 4). Compaction occurs in all membranes when pressure 
is applied but is often reversible.  
Densification, on the other hand, occurs more slowly throughout the matrix of the 
membranes. An illustration of membrane densification is shown in Figure 7b. Reports have 
shown that densification of the polymer occurs more rapidly near the surface of the membrane 
due to the higher degree of chain mobility near the membrane surface [81-84]. Unlikely aging 
of polymer in air, polymer membrane exposed to solvent under operating pressure and 
temperature tends to age faster, especially near the surface of the membrane. The additional 
interaction between the solvent and the membrane increases the mobility of the polymer chain, 
enabling the polymer chains to reorganize towards a more stable state. Since the membrane 
made from the non-solvent induced phase separation process has a dense skin layer on top of 
a highly porous sublayer, the most significant aging effect is expected to be on this layer, where 
the polymer chains are already in close proximity [81]. The surface changes agreed with the 
AFM and contact angle measurements. The aging effect can be compared to that of the 
annealing step following a phase inversion process, but at membrane operating conditions and 
constant exposure to solvent throughout the membrane use [79, 85-87].  
 




We have performed a 30-day static aging test and a three-week cross-flow aging test of 
four different commercial membranes in both polar and non-polar solvents. The static aging 
results showed that the OSN membranes were likely to be least stable in acetonitrile, and the 
permeance and swelling of the membranes were dependent on the solubility parameters of their 
polymer and the solvent. The cross-flow aging results revealed that the polyimide-based 
membranes (Duramem 200, Puramem 280, and SolSep BV010206) exhibited a noticeable sign 
of aging in an organic solvent with increasing operating temperature. GMT-oNF2, with a 
PDMS active layer, did not suffer from aging in its rubbery state. The aging mechanisms 
involved compaction and densification. We have also confirmed that the pre-compaction time 
of the OSN membranes can take more than three days before stable permeance was achieved. 
This suggests that pure solvent permeance and solute rejection measured in a short period 
(usually less than one day), as reported in most OSN membrane studies, is inadequate to 
represent the realistic and stable performance of the membranes. We highly suggest the 
permeance measurement of newly developed membranes to be performed following this or 
similar cross-flow aging protocol, allowing sufficient compaction and more rapid aging in the 
first few weeks over the membrane lifespan. Such a protocol can be a useful tool to accelerate 
the tedious membrane screening procedures for large-scale manufacturing.
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